The adsorption of triclosan (TCS) from aqueous media using tyre crumb rubber entrapped in calcium-alginate beads (TCR/CaAG beads) was investigated through batch experiments. In addition, the effect of solution pH on removal efficiency was also investigated. The maximum adsorption of TCS onto TCR/CaAG beads was approximately 83% at pH 7. The Langmuir and Freundlich adsorption isotherm models were used to depict the sorption process. Adsorbent reusability was investigated by performing a series of sorption/desorption experiments. The experimental results suggest that the TCR/CaAG beads are effective agents for the removal of TCS from an aqueous medium.
INTRODUCTION
Triclosan [TCS; 5-chloro-2-(2, 4-dichlorophenoxy)phenol], an antimicrobial agent commonly found in consumer products (European Commission 2009), has been identified and quantified at trace levels in a variety of water systems such as effluents from wastewater-treatment facilities, surface waters, lakes and river sediments (Kolpin et al. 2002; Lindstrom et al. 2002; Singer et al. 2002; Wilson et al. 2009 ). Scientists have been targeting TCS due to its acute toxicity to several aquatic organisms (Orvos et al. 2002; Ishibashi et al. 2004; Coogan et al. 2007; DeLorenzo and Fleming 2008; Dussault et al. 2008; Yang et al. 2008; Palenske et al. 2010; Raut and Angus 2010) , and the threat it poses to humans owing to the formation of toxic degradation by-products during water disinfection (Kanetoshi et al. 1987; Onodera et al. 1987; Canosa et al. 2005; Rule et al. 2005; Aranami and Readman 2007; Buth et al. 2009 Buth et al. , 2010 . Therefore, the development of materials capable of removing TCS and other compounds from water system is necessary. The physical and chemical properties of TCS are shown in Table 1 .
Tyre crumb rubber (TCR) has been proven to be an excellent adsorbent material for the removal of organic and inorganic contaminants from aqueous solutions, including TCS (Rowley et al. 1984; Al-Asheh and Banat 2000; Gunasekara et al. 2000; Manchón-Vizuete et al. 2005; Entezari et al. 2006; Calisir et al. 2009; Alamo-Nole et al. 2011 López-Morales et al. 2012 ). Furthermore, TCR can be reused without significant loss in its uptake capacity as demonstrated by a series of sorption/desorption experiments. However, samples should be filtrated during collection and before performing analysis to avoid suspended particulates from entering and damaging the instrumental equipment (López-Morales et al. 2012) .
By contrast, calcium-alginate beads (CaAG) have been effectively used as adsorbents for sorption of divalent cations such as copper (Cu), zinc (Zn), cadmium (Cd), nickel (Ni) and cobalt (Co) (Iban ∼ ez and Umetsu 2002; Pandey and Misra 2002; Kong et al. 2010 ). The addition of iron, which is dispersed in the CaAG matrix, enhances the removal of anionic species, such as arsenic oxyanions (Sánchez-Rivera et al. 2013) . Moreover, CaAG beads have been used for the entrapment of adsorbents such as activated carbon (Jodra and Mijangos 2003; Lin et al. 2005 ) and chitosan (Nadavala et al. 2009 ) for the removal of organic compounds.
In this work, entrapment of TCR in CaAG beads for the removal of TCS from aqueous solution is presented. The TCR/CaAG beads were characterized using a scanning electron microscope equipped with an energy-dispersive X-ray spectroscope (SEM/EDX), and by obtaining the point of zero charge (pH pzc ). To study their adsorption behaviour, adsorption experiments were conducted and isotherms were determined and fitted by the Langmuir and Freundlich models. Experiments to evaluate the effect of solution pH on TCS adsorption onto TCR/CaAG beads were performed as well. To our knowledge, this is the first work describing the entrapment of a recycled material such as TCR with CaAG beads for the removal of TCS from aqueous solutions. The TCR/CaAG beads offer the same advantages as TCR, but they are easier to recover, leaving no suspended particulate, facilitating the performance of the sorption/desorption experiments.
MATERIALS AND METHODS

Materials
TCR mesh 30 (average diameter, 0.67 mm) was provided by Rubber Recycling and Manufacturing Company (Puerto Rico). The TCR was washed with deionized water for 24 hours to remove dirt or other type of particles that would have remained on TCR before and after the shredding process. The TCR was then dried at room temperature. Alginic acid sodium salt (CAS number 9005-38-3) was purchased from MP Biomedicals. Calcium chloride dehydrate granules (CAS number 10035-04-8) were purchased from Fisher Scientific. 
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Preparation of the TCR/CaAG Beads
The TCR/CaAG beads (diameter, 1.6 mm) were synthesized using a mixture 2% wt/vol alginic acid and 1.5% wt/vol TCR solution by adding it dropwise at 0.70 ml/minute in a 0.1M CaCl 2 solution of 500 ml concentration. The resulting alginate beads were slowly magnetically agitated at 60 rpm for 24 hours. This period is necessary for the cross-linking reaction and immobilization of the rubber in the polymeric matrix of the CaAG beads. After 24 hours, the beads were washed three times with 100 ml portions of deionized water (Barnstead, 18.2 MΩ) and allowed to dry at room temperature (25 °C) for another 72 hours.
Adsorbate
TCS (≈ 97%) (CAS number 3380-34-5) was purchased from Fisher Scientific. A TCS stock solution (1000 mg/l) was prepared by weighting 0.1000 g of TCS and diluting it with 100 ml of high performance liquid chromatography grade methanol (99.9%; CAS number 67-56-1, Fisher Scientific). The stock solution was transferred into a 120 ml amber bottle and used within 2 weeks of preparation. The TCS solutions for the adsorption experiments were prepared with deionized water and methanol (10% vol/vol) for stability purposes.
Sorption Experiments
Sorption experiments were performed in batch mode and in duplicate. Pre-determined concentrations of 1g of TCR/CaAG beads (1 g/0.1 l) were weighted and transferred into 120 ml amber bottles containing TCS solutions in a concentration range of 10-60 mg/l. The solutions were placed in a shaker (INFORS AG HT) and agitated at 200 rpm at a temperature of 25 °C for 72 hours.
Batch experiments were carried out to assess the effect of solution pH on TCS adsorption onto TCR/CaAG beads. The TCS solutions of 10 mg/l were prepared in a pH range of 3-9, and later allowed to contact with 1 g of TCR/CaAG beads at 25 °C in a shaker at 200 rpm. Solution pH was adjusted by adding 0.1M HCl or NaOH solutions. Experiments were performed in duplicate. The amount of TCS adsorbed per unit mass of TCR/CaAG beads at equilibrium is given using the following equation:
( 1) where q e is the adsorption capacity at equilibrium (mg/g); C 0 and C e are the initial and equilibrium concentrations of TCS in the solution (mg/l), respectively; V is the volume of the solution (l) and W is the amount of adsorbent used (g).
Desorption Experiments
Experiments to evaluate TCS desorption from TCR/CaAG beads were performed in batch mode. After the 72 hours were completed and the TCS sorption equilibrium was reached, TCR/CaAG beads were recovered from the solution by filtration and washed with deionized water. The beads were subjected to vacuum drying for 30 minutes and placed inside clean amber bottles containing 
Sorption/Desorption Experiments
A series of sorption/desorption experiments was conducted to evaluate the potential of TCR/CaAG beads to be reused and assess their sorption/desorption capability. As in the sorption experiments, TCS solutions of 10 mg/l were placed in contact for 72 hours with 1 g of the TCR/CaAG beads in 100 ml of deionized water with 10% vol/vol methanol added. After the equilibrium point was reached, the beads were recovered by filtration, washed and vacuum dried for 30 minutes, and then transferred into clean amber bottles containing the extracting solvent (methanol). Samples were then placed in a shaker at 200 rpm at 25 °C for 4 hours to evaluate TCS desorption from the beads. The sorption/desorption experiments were performed for five cycles and in duplicate.
Characterization of the TCR/CaAG Beads
An SEM/EDX (JEOL JSM6480LV, EDX Genesis 2000) was used to observe the physical morphologies and elemental composition of the TCR/CaAG beads (Figures 1 and 2) . As shown in Figure 1 , significant roughness is observed on the surface of the beads due to its heterogeneous nature imparted by the TCR, and the absence of mesopores is also noticeable. Figure 2 shows the elemental composition of the beads; sulphur (S), zinc (Zn), silicon (Si) and oxygen (O), normal components found in TCR were identified. In addition, cooper (Cu), iron (Fe) and aluminium (Al) were also observed; these metals are used in the metallic reinforcing materials present in the automobile tyres (O'Shaughnessy and Garga 2000). The pH pzc of TCR/CaAG beads was determined using the batch equilibrium technique described in the literature (Faria et al. 2004; Rao et al. 2011) . Solutions in a pH range of 2-12 at a concentration of 0.15 g adsorbent/50 ml 0.01M NaCl were placed in a shaker at an agitation speed of 200 rpm for 48 hours. The pH pzc obtained for the TCR/CaAG beads was 7.06, which is very similar to that obtained for TCR (7.01; López-Morales et al. 2012).
Analysis
Chromatographic analyses was performed using an Agilent 1200 Series high-performance liquid chromatography system equipped with a diode array detector from Agilent Technologies at a detection wavelength of 280 nm. The column used was a C-8 ZORBAX Eclipse XDB (4.6 mm × 150 mm × 5 µm), the mobile phase used was 70% acetonitrile and 30% deionized water, flow rate was set at 1 ml/minute and sample injection volume was 20 µl. The column temperature was maintained at 25 °C during the analyses.
RESULTS AND DISCUSSION
Effect of Solution pH on TCR/CaAG Beads Surface and TCS Removal
Solution pH played an important role in TCS sorption onto TCR/CaAG beads. Experiments in a pH range of 3-7 showed little appreciable difference in sorption behaviour onto the TCR/CaAG beads, contrary to solutions in pH 8 and 9, which decreased markedly (Figure 3) . This behaviour was observed using TCR, activated carbon and clays (Behera et al. 2010; López-Morales et al. 2012 ). This effect is attributed to the predominance of TCS anionic form over the neutral form when solution pH is higher than TCS dissociation constant (Nghiem and Coleman 2008). In addition, the solution pH significantly affected the net charge in the surface of the TCR/CaAG beads (pH pzc = 7.06). In experiments conducted above the pH pzc , the net surface charge of the TCR/CaAG beads became negative, and as a consequence, electrostatic repulsions between TCS's anionic form and the negative charges in the beads' surface led to a decrease in TCS sorption onto the material. Table 2 shows the TCS removal efficiency of the TCE/CaAG beads at different pHs. TCS removal decreased from approximately 84% at pH 3 to approximately 74% at pH 9 as shown in Table 2 .
Adsorption Isotherms
To have a better understanding of the mechanisms involved in a sorption process, it is very important to study and analyze the adsorption isotherms. In this study, the Langmuir and Freundlich isotherm models were used to fit the experimental data of TCS sorption onto TCR/CaAG beads. The general assumption with the Langmuir model is that TCS adsorption onto TCR/CaAG beads will occur at specific homogeneous sites on the adsorbent surface. The data to evaluate the Langmuir model are obtained using a linear form of the Langmuir equation where q e is the amount of adsorbate adsorbed at equilibrium (mg/g), C e is the adsorbate equilibrium concentration (mg/l), b is a constant related to the energy of adsorption (l/mg) and q m is the maximum adsorption capacity (mg/g). The Langmuir parameters q m and b can be obtained from the slope and the intercept of the plot 1/q e versus 1/C e . Unlike Langmuir's, the assumption with the Freundlich model is that TCS sorption will take place on heterogeneous sites on the surface of TCR/CaAG beads. The data to evaluate the Freundlich model are obtained using a linear form of the Freundlich equation (3) where K F is the adsorption capacity of the adsorbent [(mg/g)(l/mg) 1/n ] and n is a constant correlated to the nature of the adsorption process. The Freundlich parameters K F and n can be obtained from the plot of lnq e versus lnC e .
The Langmuir and Freundlich isotherm plots, as well as the obtained parameters for each model describing TCS sorption onto TCR/CaAG beads are presented in Figures 4 and 5, and in Table 3 , respectively.
To further assess which isotherm better fits the experimental data, the mean relative percent deviation modulus (P) was used (Ayar et al. 2008 ). The P value can be obtained using the following equation:
(4)
where q e, exp is the obtained experimental value, q e pred is the calculated value using the respective isotherm model and N corresponds to the number of replicates. The lowest P values indicate the model that better fits the experimental data. Our calculated P values used to evaluate the isotherm model that best explains the sorption of TCS onto TCR/CaAG beads are listed in Table 3 . The values presented in Table 3 corresponding to the Langmuir and Freundlich isotherm data, specifically the P value, suggest that the Freundlich model is the best fit for TCS sorption onto TCR/CaAG beads. The obtained regression with each model was similar, but the P value was considerably much lower with the Freundlich model than with the Langmuir model.
The value of the obtained n parameter from the Freundlich isotherm was 1.59, which indicates that TCS removal was more efficient at lower concentrations (López-Morales et al. 2012) . Values of TCS removal with TCR/CaAG beads at different concentrations are presented in Table 4 . 938 J. 
Desorption Studies
Desorption of TCS from TCR/CaAG beads was evaluated as a function of contact time ( Figure 6 ) and equilibrium was reached in 4 hours. The desorption process of TCS from the TCR/CaAG beads is much faster than the adsorption process (4 versus 72 hours, respectively). Desorption efficiency was approximately 86% at pH 7. Although the TCR/CaAG beads exhibit similar properties as that of TCR, it is necessary to improve the preparation methodology to increase porosity of the material, and thus, increase its surface area which will led to higher removal efficiency and less time to achieve sorption equilibrium.
Sorption/Desorption Studies
In order to evaluate the potential of reusing the TCR/CaAG beads, a series of sorption/desorption experiments was conducted (Figure 7) . Values of the sorption/desorption of TCS from TCR/CaAG beads during five cycles are presented in Table 5 . Removal % in Cycle 5 is approximately 1.8% less than in Cycle 1, considering that each adsorption cycle took 72 hours, and the beads could be reused without loss in its sorption capability. Likewise, the difference in desorption between Cycles 1 and 5 is approximately 1%, which further validate the results observed in TCR/CaAG 73.6 ± 0.5 40.4 ± 0.1 67.0 ± 0.9 50.0 ± 0.8 61.5 ± 1.6 60.5 ± 0.3 56.9 ± 1.8 
